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Summary

Ground validation (GV) campaigns before an:
Precipitation Measurement Mission (GPM) Core satellite in early 2014 have been
planned to collect targeted observations to support precipitation retrieval algorithm
development, to improve the sciencepoécipitationprocesses, and to demonstrate the
utility of GPM data for operational hydrology and water resources applications. The
Integrated Precipitation and Hydrology Experiment (IRHEentered in the Southern
Appalachians and spanning into the Piedmont and Coastal Plain regions of North
Carolina seeks to characterize warm season orographic precipitation regimes, and the
relationship between precipitation regimes and hydrologic processes in regions of
complex terain. The IPHEx heritage stems from and also currently includes
collaboration with the NOAA Hydrometeorological Testbed Southeast Pilot Studies
Program (HMTFSEPS).

Since 2007, a high elevation tipping bucket rain gauge network has been in place in the
Pigeon River Basin (PRB) in the Southern Appalachians and intensive observing periods
(IOPs) have been conducted in this and surrounding river basins to characterize ridge
ridge and ridgeralley variability of precipitation using radiosondes, tethersondesp-

Rain Radars (MRRs), automatic weather stations and optical disdrometers. Important
results from these analyses include the importance of light (<3 mm/hr) rainfall as a
baseline freshwater input to the region especially in the cold seasdrthe hgh
frequency of heavy rainfall and severe weather in the warm season, and illuminate the
significant spatiedemporal variability of rainfall in this region.

IPHEX will consist of two activities: 1) mextended observing period EOP) from

October 2013hrough Otober 2014 including a scienggaderaingauge network of 60

stations, half of which will be equipped with multiple raingauge platforms, in addition to

the fixed regional observing system; a disdrometer network consisting of twenty separate
clustes; and two mobile profiling facilities including MRRs; and 2) an intense observing

period (IOP) from MayJuly of 2014 post GPM launch focusing on 4D mapping of
precipitation struct ur ebadwscanningdugolarizaion NASAOG s
radar, the dakHrequency KaKu, dual polarimetric, Doppler radar (D3R), four additional

MRRs, andhe NOAA NOXP radar) will be deployed in addition to the loftgrm fixed
instrumentation. During the IOP, the NASA 2Rand the UND Citation aircraft will be
usedtoonduct high altitude and Ain the col umno

The ER2 will be equipped with mukirequeng-radiometers (AMPR and CoSMIRje
HIWRAP Ka/Ku-band CRS Wband, and EXRAD and radars The ER2 instrument



complement collectively functions as anx panded GPM Cor eThdisat el

UND Citation instruments will be dedicated to microphysical characterization. The
groundbased instrumentation sites were selected to collect extensive samples of
orographic effects on microphysical propertiepicipitation, specifically DSDs, for the
dominant warm season precipitation regimes in the region: 1) westerly systems including
Mesoscale Convective Systems (MCSs) and fronts; 2) southerly and southeasterly
convective systems and tropical storms; andd8ivection initiation and suppression and
feederseeder interactions among fog and multilayered clouds in the inner mountain
region. A realtime hydrologic forecasting testbed is planned to be operational during the
IPHEX IOP. In preparation for the fecasting testbed, a benchmark project for
intercompargon of hydrologic models has been developed (H4SE) in the context of
which all data necessary (GIS, atmospheric forcing, -lanthce attributes, soil
properties, etc) to implement and operate hydrolagpdels in four major SE river basins

(the Savannah, the CatawBandee, the YadkiReedee and the Upper Tennessee) were
analyzed and processed at hourly tistep and at 1 kfiresolution over a-§ear period
(20072012) and wil be extendé through 2014 Data are currently availablffom
http://iphex.pratt.duke.eddo all participants. The goal of H4SE is to facilitate
implementation of hydrologic models in the IPHEX region to assess the use and improve
the utiity of satellitebased Quantitative Precipitation Estimates (QPE) for hydrologic
applications.

In addition to the primary GPM IPHEX plan, three other monitoring activities will take
place: 1) observations in support of aeredoludrainfall interations including the
chemical characterization of CCNiaze and fog and cloud microphysisc and vertical
structure including optical properties; 2) intense measurements of soil moisture
conditions over a wide range of heterogeneous-lesedand lanadover fields concurrent

with flights of the SLAP instrument; and 3) determination of groundwater transit times
using trace gas analysis of streamflow samples.


http://iphex.pratt.duke.edu/
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1. Introduction
1.1 Overview

The 2014 Integrated Precipitation and Hydrology ExperiméRHEX) is a Ground
Validation field campaignin support of the Global Precipitation Measurement NiGP

satellite missions ponsored by NASAG6s PMM (Precipitat:i
Program IPHEX will take placen the complex terrain region of Southern Appalachians

with a principal coresite in the Pigeon River Basiand a secondsite in the Upper
Caawbawatershedi n col | abor at i onSERS(Hydromé&NeOraldgitad HMT
Testbed SE Pilot Studyandthere will be an opportunity to leverage existing NSF,
NOAA, USGS, NPS, EPA, and USCoE monitoring sites across the Piedmont and Coastal
Plain (Fig. 1) GPM was launcled February 272014 (see http://www.nasa.gov/gpm)

and IPHExwill be the first grounevalidation campaign after launch. IPHEs taking

place in two phases: a lotgrm Xyear duration period collecting ground observations;

and an intense Gpkrving Period (IOP) from 5/1/2014 through G62(8L4, which will

include aircraft observations.IPHEX will leverage and augment existing letegm
meteorological and hydrological monitoring systems already in pladke region to

acquire comprehensivéservational data to address GPM science needs.

The overarching goslof IPHEx are threefold: 1) to mprove the estimation of

orographic precipitatin in regions of complex terraitom spacethrough improved

understanding and observatipn2) to chaacterize the utility of satellitebased

Quantitative Precipitation Estimates (QPE) for operational hydrological forecasts of

floods and natural hazards at multigeales; and 3) to characterize the uncertainty

associated with QPE products for water reses and water cycleesearch and

applications. The research strategy consists laeemajor tasks1) to conduct detailed

science grade measurements of precipitation processes over one year to map the
seasonality of the error structure of satellites&l precipitation estimates for various

types of hydrometeorological regimes in the Southern Appalachiapgp @nduct

groundand aircrafbased 4D observations a$pacetime evolution of the structure of

warm season precipitation systems in the complegraphy and 3) to implement a

testbed for théntercomparisorof operational hydrology forecasting models and QPE

four major river basins in the SE US with headwaters in the Southern Appalachians using

various models and QPE produdi®HEx-H4SE). The third task includes close

coll aboration with NOAAG6s Hydr omeiSERSr ol ogi c e
activity as well as the engagement of NOAA©O
stakeholders with operational missionsweather, lgdrology and related applications.

Finally, IPHEx will establish a repository of high quality observations and data sets to



support scientific research and operational innovation and development beyond the
completion of the planned tasks.
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Figure 1 - Extenced IPHEx domain(EID) with focal SE river bassdelineated. In
clockwise direction: Upper Tennessee (purple, 56,573) kiadkinPeedee (pink,
46,310 kn), CatwabaSantee (blue, 39,862 Kjn and Savannah (green, 27,110 km2).
The yellow rectangle dertes he Core Observing Are@OA) where groud validation
efforstwill be concentrated.
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Figure 3 - Long-term monitoring network§ SOyears) in Westa North Carolina
USGS streamgauges over the extended IPHEX region.

1.2 ScienceContext

IPHEx aims to address questions regarding3Bestructure and life cycle of orographic

and convective precipitation in continental regions of complex and heteoge terrain

and moderate orography ( elevations S0BPm), which are characteristic of the eastern
United States as wethiddle mountainsandt he r ainy f oot hiladts of
orographic barriers in the tropics and at #Hatitudes where TRMM precipitation
products show large biases for both heavy and light precipitation events (Barros et al.
2000, Prat and Barros 20@@Muan and Barros, 2014 Previous work using MicroRain
Radars (MRRS) in the inner region of the Southern Appalachians ieslitat there is
strong seasonalDSD dependency on rainfall type and location the landscape
(elevation, landformridge-valley locations), inner region versus upwind or downwind
slopes (Prat and Barros 201®gilson and Barros, 2@t).

The headwaters ahajor SE river basins the Little Tennessee, the French Broad, the
Catawba, and the Yadkin are located in the Southern Appalachians. In recent years the
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region is frequently in state of severe drought along with freqilastifloods especially

in urban aeas and at high elevations, where other natural hazards are frequent such as
debris flows and landslid€3ao and Barre2014a and 204b, Villarini and Smith, 2010
Shepherd et & 201Q. Historical data analysis of Piedmont rainfall (including urban
areas) suggests positive precipitation trends, and increased rainfall intemsitythe
recent decades (Li et al. 201Runkel et al. 2018 On the other hand, light rainfall
defined as hourly rainfall rates less thab &m/hr,explainsup to 60% of theannual
rainfall amount in the Southern AppalachiaiWilson and Barros, 20}4 which has
implications for the regional water budget axtremehydrologic regimesIPHEX will
enabledetailed hydrologic processtudies to understand drougleading to improved
water resources management.

In the warm season, four major rainfall regimes dominate in this re@iprisight to
moderate rainfall (Rainrate < 5 mm/hr) associated with orographic modulation of
incoming moist air masses and seei@eder interactios (> 50% of all observed rainfall
rates fallin this category)(2) Heavy short duration rainfall and graupel associated with
isolated thunderstorms with initiation in the inner mountain redi®nhHeavy rainfall
associated with asterlyand southerlyconvective systems modulated by graphy as
they propagate across the inner ridigdley region;and4) Very heavy rainfall Topical

and ExtratropicalSystems (typically southerly and southeasterl@ver the Southern
Appalachians, precipitation in regisél), (2) and (3plays a key role inthe regional
water budget, whereas precipitation associated with regime (43 terck associated
with various hydrological hazards as well as drought recofeegy Fuhrman et al. 2008
Brun andBarros 20B). Although weaker than the Low Level JgiLJ) in the Central
Plains (Anderson and Arritt, 2001), it is possible that the nocturbal east of the
Appalachians play an important role on the diurnal cycle of raiafedinalysisof profile
observations inhte Mid-Atlantic states (Zhang et al. 2006However,current evidence
from the existing relativelysparse network of observations is lackingrat and Barros
(201() reported an overall bias of TRMM PR 2A25 agamsasurements fromkagh-
densityraingau@ network in the Smoky Mountainef up to 60% for heavy precipitation
events in this region, whereas 80% of missed raifégdll in the light rainfall category.
Wilson and Barros (2014) propose that these missed light rainfall events as well as
underestimatin of rainfall in the case of stratiform systems and shallow convection can
be attributedto seedeii feeder interactions among local fog banks and cap clouds and
incoming weather systems.Mitrescu et al. (2010)eport a preliminary CloudSat
climatology for light and moderate rainfall eventthat is consistent withlocal
observations thus suggeshg that, although for different sensors, there is great
opportunity to improve light rainfall estimation over complex terrain with th1E&PR
Dualfrequency Prepitation Radar) Recenty, an error analysis of TRMM PR 2A25 by
Duan and Barros (2014) indicates that there is significant spatidl temporal



organization of retrieval errors that is associated to topographic featuresaanioe
explained in relationat the predominant hydrometeorological regimek the inner
mountain region of the Upper Tennessee, including the Pigeon and the-Breacdh
basin, haHproducing severe storms characterized by very strong winds in the valleys and
heavy rainfall at higér elevations leading to floods and landslides tend to occur in the
late afternoon and at night (seep&pdix A).

There is strong evidende the literature suggesting thabrganicaerosols, and especially

giant aerosol of biogenic origin, play an iorfant role on the timecales of cloud
development, and presumably fog, in forested ecosystems (P&schl et al 2010, Pauliquevis
et al. 2007). Given the recent interest on the influence of aerosols on orographic rainfall
in regions of complex terraire(g.Rosenfeld et al. 2007), especially downwind of urban
areas or pollution sources, and given the relatively low anthropogenic pollution in the
region,IPHExX an alsomake an important contribution abarifying the role of lgal vis-

a vis remoteaerosol surces in the spatitemporal persistence of fog regimes.

Atallah et al. (2007) described, using gugsostrophic and potential temperature
frameworks, how tropical cyclones transitioning to extratropical systems evolve to be
Al ef t / r i g h ipitatmrd dormima@t.dJkder eipher saenaribe IPHEX domainin

our proposed region is often affectesiecially along the Pigdont and coastal regions

by storms that track and landfall in the Atlantic SE regfblart and Evans 2003)
whereas the Southernppalachians are strongly affected by Gulf storms as well as
Atlantic storms(e.g. Brun and Barros 2013; Sun and Barros 2®&khrad and Perry
2009. Left (right) of track scenarios may be associated with landfalling storms along
the Carolina (Gulf) coasBrennan and Lackmann (2005) have investigated the role of
incipient precipitation and cyclogenesis in the region. They noted thatre¢laeof study

(and other parts of the southeast) can be significantly affected by incipient precipitation
(IP) prior to coastal cyclogenesis associated with letvepospheric diabatic PV
maximum.

Shepherd et al . (2010) recently reviewed
rai nf al This ie quiteaatetadt.as several major and growing urban areas (Atlanta,
Charlotte, Greenville&Spartanburg, and Columbia) reside within our proposed area.
Recent analysis of PRISM rainfall along th&3 corridor reveals that some of the largest
positive trends in precipitation are over are downwind of Atlanta, Charlotte, and
Cdumbia as Shepherd et al. (2002) noted in their anabysiSRMM data. Several
hypothesse (heat island destabilization, enhanced convergence, bifurcation, aerosol
indirect effects) have been put forth, but none are conclusive at this Fpaititer, recent

urban flooding in Atlanta, Nashville, and other cities heightens the need to understand
urban hydrometeorological processés.Charlotte, NC increased impervious surface

1C
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extent within theCharlotte metro area has resulted in an increase in heavy rubaff/u
flooding events which can be particular severe for Tropical Storms (Wright 2013)
Flood response in urban watersheds tends to be associated with return periods that exceed
those in rural watersheds by as much as one order of magnitude (Brun ensl2B43).

In addition to high biodiversity and complex topography and hydrogediogy®uthern
Appalachians and the adjacent Piedmont aeghgbita broad diversity ofiydro-climatic

and physiographiccharacteristics thus providing eepresentative amain for the
evaluation of hydrologic modeling and forecasting skill including quantification and
attribution of uncertainty conditional on precipitatiegimates.In the COA (Fig.1 ), he
annual cycle of precipitation is characterized by high precipitaithe highest in the
eastern US) distributed rather wuniformly throughout the year: -ssEddon
hydrometeorology is representative of ratitude middle mountains; warseason
hydrometeorology is representative of tropical middle mountaiBscond, pesistent
daytime haze and fog in the inner mountain region and their impacts on light and rainfall
regimes resemble those found in tropical cloud forests, though at higher elevations, such
as the eastern slopes of the Andes, and the cloud forests of thiea@mnt@ordillera more
generally. Finally, because of frequent landslide actiwitigespreadflash-flooding,
frequent drought wild fires, highly heterogeneous lande and lanadover (LULC)
ranging from fully forested protected areas in the Great Smd¥ational Park (Pigeon
River basin) to intense agriculture in the Yadkin and Upper Catawba, and rapidly
urbanizing areas along the 185 corridor from Atlanta to Raleigh passing through
Charlotte existence of large number of dams and reservoirs, the edelRHEXx domain
provides ample opportunity to test hydrologic models and the propagation of
precipitation uncertainty under a wide range of conditions.

2. Science Objectives

The GPM GV Science Implementation Plan (GVSIP) lays out three differerggsés to
evaluation, validation and improvement of GPM satellite constellation measurements
products, and algorithms:}L reliance onnational networks and national infrastructure
including operational observatiofes.g. Figs. 2 and 3) and model®) physical validation
studies and comprehensive field campaigasgeting specific meteorological and
hydrometeorological processes andimges that bear directly on the assumptions used in
physicallybased retrieval algorithms and resultgmtecipitation prodcts; and 3)
integrated hydrometeorological applicatidhat focus on utilizing satellite precipitation
products for water cycle research and hydrologic operations including water resources
management. In the context of each strategy, specific validi@tsis consist of: core
satellite error characterization; constellation satellite validation; assessment of radar and
radiometer retrieval uncertainties; cloud resolving model validation;cangled land
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atmosphere and hydrologic model validatidRHEX scienceobjectives are aligned with
core GPM research activite on physical validation and integrated hydrometeorological
applications.

2.1 GPM Physical Validation - A 4D spacetime data base ofevolution of the
microphysical properties girecipitation for various storm trajectories anecipitation
regimesin the springsummer transitionover complex terrain(westerly mesoscale
convective systems including severe weathgtems such as derechos anpesicells,
frontal systems, shallow embedded wettion, and orographic precipitation processes)
will be collected.Observation of the widest variety of dominant precipitation modes over
the complex terrain of the region is desitecextent that even a small number of oceanic
cases are collected for miast Given the predominant use of higher frequency
radiometer channels and associatedsicattering signatures in GPM algorithms used to
estimate rainfall over land surfaces, coincident air and ground based radar and airborne
radiometer observationsdt support studies of the coupling between ice processes and
the production of rainfall (i.e., that measured at the ground) will be critical. In the rain,
vertical profiles of drop size distribution$rom the melting layedown to the ground
surface as el as robust estimates of patintegratedattenuationat high spatial
resolutionthat can be used for the parameterization of microphysical procedses
provide a critical benchmark for rapid evaluation and improvement of retrieval
algorithms after lauch. In addition, synerge research in the region including high
density mesonets of soil moisture and surface temperature measurshoehdprovide
valuable estimates of surface emissivity and its diurnal cycle for the &Wllhence
airborne cleasair land surface sampling missions will also be desired

2.2 GPM Precipitation Sciencei The observations will permit detailed spdiree
mapping of the vertical structure of precipitation microstructure in the lov@ekr of

the troposphere in complerrrain for conditions ranging from light to heavy rainfall.
Besides its importance for retrievéthese data will be used to investigate the processes
that govern orographic microphysical transients and how this affects spatial and temporal
variability of rainfall intensity in complex terrain. This should lead to better
understanding toward improving the representation of microphysical processes in models
and therefore the predictiarf the spatial and temporal variability of rainfall rates.

Becaise of the importance gfersistentfog and low level orographic clouds on local
enhancement of rainfall ratasnderstanding the role of local aerosols on the-Soaes
of cloud development and eventually precipitation initiation, duration and intassity
important. In addition, these local aerosols may play an importaninreleabling he
re-initiation of convectivecellsin the inner mountain region that asappressed when
westerly convective systems cross over the western slopes of the ApgradaSbhimmit

12



to-Piedmont transects of rainfall microphysics, rainfall microsturet and aerosol
characteristics (biogenic, urban, marine sourshelld allow unprecedented opportunity
for detection and attribution studies of aeredoudrainfall interations.

Radiosondes,rpfiler and radar data and modeling studies will provide for the first time a
detailed characterization of the LLJ on the eastdapesand investigate its role in
regional precipitation, in particular the diurnal cycletbea eastern slopes of the Southern
Appalachians and the Piedmont. Detailed®3&8ar mapping, profiling and soundings in

the inner mountain region as well as western and eastern slopes should provide valuable
4D data for datassimilation and interpre studies to thdynamics of convection over
complex terrain

2.3 GPM Hydrology and Integrated Validation i The overarching sciengabjectives

for the GPM HydreGV programin the context of IPHExareto understand the spatial

and temporal variability fothe water/energy cycle in mountainoegions ancadjacent
foreland basinsincluding the contributionof light rainfall to regional freshwater
resources the sensitivity of hydrologic responséo the spacéime patterns of heavy
precipitationacrosssales and the linkages between physical hydrologic processes and
hydrogeohazardse(g. floods, landslides andebris flowg. For this purpose, specific
efforts will focus on developing and evaluating models and data assimilation frameworks
to demonstrate ral facilitate the use of GPM 4D QPE (Quantitative Precipitation
Estimates)n global water andreergy cycleresearchweather prediction, and hydrologic
applications. Special emphasis is placed the characterization of uncertaintiédsrough

the implemetation of regional hydrometeorological testbeds across diverse
hydroclimatic and physiographic regions includimfparacterization of uncertainties in
satellite and grounflased precipitation estimates over a broad range of space and time
scales; characteation of uncertainties in hydrologic models and understanding
propagation of input uncertainties into model forecasts; assessing performance of satellite
precipitation products in hydrologic applications over a range of gpaeescales; and
leverage di of synergistic NASA missions. The ultimate objective is to develop a
foundation upon which the Hydi@V program can measure progress in terms of new
retrieval algorithms, new downscaling approaches, and advanced hydrological and other
application modls (Peterd.idardand PMM Hydrology Working Grou@011).

A core activity ofIPHEX is the H4SHydro-GV testbed, a model intercomparison study
aimed at benchmarking the performance of hydrologic models and model propagation of
uncertainty in precipition estimates to uncertainty of hydrologic predictidrmsn the

event to interannual tirgecales andovera wide range of watershed scales characterized
by high heterogeneity of terrain, hydrogeology, lusé and landover and
hydrometeorological regies Four large river basins with headwaters in the southern

13



Appalachians and which are geographically connected were seletipper Tennessee,
Yadkin-Peelee, CtawbaSantee and Savannah (Fig.These watersheds encompass a
wide range oftopographic ad hydrogeologicsettings (Figd) and modesof surface
groundwater interactions across four physiographic provintes:Coastal Plain, the
Piedmont, the Blue Ridge and the Valley and Ridge. Karst topography can be found in
the Upper Tennessee river basiithin the Valley and Ridge province and in the lower
Savannah, Santee and Pee Dee river basins in Georgia and South Carddind.Use

and LandCover are very heterogeneous with predominance of natural forests, and
agricultural and urban us€sig.5).

Appalachian Valle?y and alue
Plateau Ridge 2
Ridge

Adapted from Heath
(1980) and Brahana
et al. (1986).

Figure 4 7 Hydrogeology in the IPHEx domain (bottom panel) and modes of surface
grourdwater interactions (top panels).

The H4SE activities consists of two phases: 1) a model implementation and evaluation

phase during which participant hydrologic modeii have access to a common data

base of ancillary data and atmospheric forcing derived from NARR (North American
Reanalysis) including observational QPE (Quantitative Precipitation Estimates) ; and 2)

an operational testbed during the IPHEx IOP. Waratbrecasts and QPF produced by
Goddarddéds NU WRF modeling framework at hi gl
atmospheric forcing to run hydrologic forecast models every day. Daily hydrologic

14



forecasts driven by NUWRF QPF will subsequently be comparadstgnodel forecasts
for the same day using multisensory QPE. All participants will submit the forecasts to a
common web site to be evaluated using the same metrics.

W 2 o~ 3'“.\ "
AT T P

Land Cover (MCD12Q1, UMD Type)
|Water —_Open shrublands

B Evergreen needleleaf forests Woody savannas

771 Evergreen broadleaf forests [ ISavannas

[ Deciduous needleleaf forests "I Grasslands
| Deciduous broadleaf forests [ ' Croplands

I Mixed forests B Urban and built-up lands

I Closed shrublands B Barren or sparsely vegetated

Figure 5 TMODIS yearly land cover product &00m (MCD12Q1, Collection V51)-
Type2/UMD)from 2007 to 2010.

2.4 Synergies with NOAA HMT-SEPSand Ongoing Activities

Hydrometeorology Testbed (HMT) researchers at NOAA Earth Science Research
Laboratory (ESRL) also will be conducting data assimilation experiments with high
resolution forecast models that will assimilate tHRHEX datasets. The NOAA HMT is
currently adopting the Community Hydrologic Prediction System (CHPS) to facilitate
interoperability of hydrologic information with the NOAA Office of Hydrologic
Development (OHD) ah NWS forecast offices around the country, including the
Southeast River Forecast Center (SERFC). CHPS provides a framework to allow HMT
researchers to perform hydrologic simulations and exchange data with partner
organizations across NOAA and the academmommunity. The goal is to better
understand the sensitivity of hydrologic models, including the NOAA Research
Distributed Hydrologic Model (RDHMjo various hydrologic forcing parameters (QPE,
soil moisture, snow level, etc) as well as to examine thigyutf providing ensemble
stream flow forecasts using a WRF ensemble for input forcitRIHEX will provide an

15



opportunity to expand HMT hydrologic research to watersheds in the southeastland w
highly complement similar efforts of NASA GPM investiges.

Otherbroadactivities include: (1) Validation of global mulsatellite rainfall products of
complex terrain precipitation: synergetic collaboration betwBétiex ( limited duration

intense observations) and HMBIEPS observational programs can pite a large areal

extent of high-quality surface rainfall fields derived from radar and rain gauge
observations, associated with the various terrain areas (coastal, foothills and
mountainous); and (2) Assessing the performance of satellite rainfall pgoduc
hydrological applicatios over a range o$mall to large ige basin scales-{50-60,000

km?). This activity requires synergistic measurements of a number of -hydro
meteorological variables at watershed scalee IPHEx domain includes one USGS
Hydrologic benchmark watershed within the acdahe PMM rainguge network in the
Smokies, the NSF LTER at Coweeta, several USFS and NPS research stations, as well as
several carefully monitored river basins including the Yadin and the Catawba near the
coreIPHEx area  The evaluation of satellite precipitation retrievals by NASA GPM
investigators will complement similar efforts at NOAA. In particular, HMT researchers

will use the precipitation measurements collected dutPigEx (gauge, radar, and
satellie) to evaluate the performance of selected QPE algorithms, including Mountain
Mapper (Schaake et al. 2004), Mdensor Precipitation Estimator (MPE; National
Weather Service 2010) and NMQ Q2 (Zhang and 20iL0). This effort includes a
guantitative asssment of the added value of satellite data for QPE and is part of a larger
HMT goal to determine the Abest possibleodo Q
in i mproved hydrologic forcing guidance for

3. Science @Qestions
The following science questions will be investigated:

1 How do precipitation ice processes couple to dominant rainfall
production modes and how robust is thera@fall signature in
highf r equency (e.g., 0O 89 GHz) mi
observations?

1 Whatare the characteristic profiles and variability of @D and
how do microphysical mechanisms explain the observed spatial
and temporal variability of DSDs as a function Ecipitation
regime?
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How do dense fog and feedsgeder mechanisms affect the
vertical structure of airborne reflectivity profilegsag-vis surface
radar?

Is there a topanorphology of satellite based precipitation errors
consistent with convective and orographic precipitation habits in
complex terrain?

What are the error characteristics of the GBFR and how do
they compare againRMM-PR rainfall estimates?

What is the relationship between GHMPR and GPMGMI error

and local and regional hydrometeorological processes and
regimes?

What are the error characteristics of GIAWI in the context of
local and regionaland-surface andhydrometrological regimes?

How doeslandform and land covenodulate propagating storms
including suppressioaf existingand initiation ofnew convective
cells?

What is the spatial and temporal variability warm season
orographic precipitation and howoes it depend on regional
versus local scale dynamiaadthermodynamics?

What is the influence of aerosol physiochemical properties on fog
and cloud development, and precipitation initiation? Is there
significant variability in aerosol physiochemicabperties due to
intrusion of anthropogenic pollution in the Southern
Appalachian®

What is the impact of Piedmont urban areas on the morphology
and intensity of storms?

What are the relative contributions of light and heavy rainfall in
their Appalachian headwaters to the freshwater resource
accounting in the Yadkin and Catawba river basindhat is the
relative dispersion of errors in satellite precipitation estimates
heavy and light rainfalamong hydrologic states and processes in
physically basednodels?

How do errors from satellite gcipitation estimates (e.g. GBM
associated with light and heavy rainfall propagate to the basin
scale water budget at critical delivery points (e.g. Charlotte)?
Whatisthe role of surfacgroundwater iteractionsin modulating
(amplifying or decreasing) QPE uncertainiy hydrologic
forecast®
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1 How do errors from satellite precipitation estimates (e.g. TRMM)
associated with very heavy rainfall evemtavel from lower to
higher order tributarieas the flood pdapropagate3

1 What are the immediate (alaunch) gains in QPE capacity from
incorporating GPM observations into operational forecasts?

Data collected durintPHEX should nurture a wide range of research activities in support
of PMM and GPMground valiction, science and applications as well as fundamental
studies including: Physical and Dynamical Processes, Microphysical Processes,-Aerosol
Cloud-Rainfall InteractionsLand-Atmosphere Interaction?hysical Hydrology QPE

and Water Resources Management.

4. Observational Plan

The observational plan consists of two stages: an Extended Observing Period (EOP) and
an Intense Observing Period (IOP). The EOP began in the Fall of 2013 and will continue
through the Fall of 2014. The IOP will take place M&ytHrough June 15, 2014The

final composition of the observationalitguwill be conditional on instrument availability

and operational readiness, and costs to balagoeithimand science requirements

4.1 Ground Observations

In addition to the instrmentation shown in Fig& and 3, Fig. 6 below shows the current
(present date) distribution of additional disdrometers and major radar and radiometer
facilities to be operational during the Intense Observing Period. The large radars
(NPOL, D3R and XPOLwill retire after the IOP, but the remainder ground observations
will continuetheir deployment through the EOPTable 1) Although most observations

will be conducted eastward of the Appalachian divide, it is important that boundary
conditions be obtaed on the western slopes of the Appalachians in order to assure that
detailed process modeling studies can be conducted for westerly systems.

The proposed core region is thellow rectangle in Fig.1 hich encompassthe French

Broad and the Catawbané Yadkin basins in North CarolinaSpecific focus and a
concentration of instrumentation are placed on/in the Pigeon Watershed of the French
Broad basin, which is in the Upper Tenness&e0o possible transects (defined loosely)

for summitto-sea studis acrosghe extended regional aresnould also be feasible:
Knoxville-Ashville-CharlotteWilmington and Knoxville-Ashville-RaleighMorehead
City, and a third transect along the Atlax@harlotteRaleigh urban corridor is also
envisioned. These transectsould further enable urban, coastal, and Piedrmebastal
transition hydrometeorology and hydrology studies.
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Table 17 IPHEx COA EOP Observational Ground Assets. CQAre Observing Area;
EOR Extended Observing Period.

Sensors Inventory
Raingauges Duke/PMM 44
NASA GPM GV 38
National and State Networks | 443
(NWS, EPA, NPS, USDA, NC
FWS and Econet)
HMT-SEPS
--—-- WXT
Disdrometers | Duke 17 P1 (16 UCLM)
4 P2
NASA GPM GV 11 P2, 3 JWD, 2DVD
Radars NEXRAD* 6
Profilers HMT-SEPS 4
Streamgauges | USGS 129
NSF LTER Weirs 22
Private
Soil Moisture ECONET
SCAN
University
Flux Towers Duke 1
Ameriflux 6
NC- Other
Wells NC-DENR
USGS
NPS
Meteorological | NOAA
Stations NC-Econet
Radiosondes | NOAA NWS KSNA, KFFC, KGSQ
KRNK, KMHX
UNC-Ashville 1 (mobile)
MRRS Duke 2
NASA 4
FOG Duke PCASP, MWR (3),
CCN
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Figure 61 Current network of fixed instrumentation duritige IPHEX IOP.  [This map
will continue to be updated with instruments].

4.1.1 NASANPOL and D3R Radars

NASA's S-bandduatPOLarimetric (NPOL) radafTable 2, Fig. 7)and DualFrequency
Ka-Ku band DualPolarimetric Doppler Radar (D3m)ill be located roughly 30 km north
of SpartanburgSouthCarolina at35.196203N-81.96378W.

Briefly, the NPOL radar is a 0.93° scanning dpalarimetric Sband radar. It operates

in PPI sector or full volume mode, RHI mode, and vertically pointing mode. Polarimetric
moments can be collected in either simultaneous transmit and rec&&R)&ode, or

in an alternating H/V mode using a fast mechanical switch. The most common
operations mode for NPOL is STAR in order to facilitate more rapid scanning. The radar
is operated using Vaisala IRIS radar software and data are processed wkt@DOR
signal processor.
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Figure 7 - NPOL and D3R Radars as
deployed in lowa during the IFloodS
campaign.

Table 2- NASA S-Band Dual Polarimetric Radar (NPOL) Characteristics

Transmitter

Transmitter Type Coaxial Magnetron

Modulator Type Solid State

Operating Frequency 2700-2900 MHz tunable

Polarization Horizontal, Vertical, Simultaneous, Alternating

Peak Pulse Power Output (STAR)[425 KW H, 425 KW V typical
Peak Pulse Power Output(H, V an|850 KW typical

Pulse Width 0.8 or 2.0 s, selectable
PRF 250 to 1200 Hz

Antenna
Reflector Type 8.5 m Prime-Focus Parabolic
Beamwidth 0.93at+3dBH, 0.94at+3dBV
Pedestal Type Elevation over Azimuth
Types of scan patterns PPI, RHI, Full Volume, Sector
Azimuth Angular Velocity 1 deg/s to 20 deg/s
Azimuth Angular Acceleration |20 degs-2
Azimuth Position Accuracy 0.1 degree

Receiver
Dual Receiver Independent receivers for H/V signals
Operating Frequencies 2700 MHz to 2900 MHz
Digital Receiver Vaisala RVP900 / IFDR

Data

Moments PPI Full, PPI Sector, Manual, RHI and

Executable (Shell Commands)
Pulse Pair Processing

T (Total Reflectivity)

Z (Reflectivity)

V (Doppler Mean Velocity)

W (Doppler Spectrum Width)

SQI (Signal Quality Index)

ZDR (Differential Reflectivity)
KDP (Specific Differential Phase)
PhiDP (Differential Phase)
RhoHV (Cross Channel Correlation Coefficient)
LDR (Depolarization Ratio)

I & Q (Time Series)
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Table 2 above provides a description of thearddansmitter, antenna, receiver as well as
a summary of the science data that can be collected.

A nearreattime data system will also be employed to provide updated imagery of
several fields of interest: reflectivity, differential reflectivity, ramate, specific
differential phase, cpolar correlation and hydrometeor identificatiohdditionally, two

drop size distribution (DSD) fields will be retrieved;, khormalized intercept) andD
(median drop diameter)The radar will send these imagesatdNASA server for public
display via the following web site: http://wallops
prf.gsfc.nasa.gov/Field _Campaigns/IPHHkkommunication bandwidth allows, the raw
data will also be sent ev the internet.If not, then data will copied on site and then hand
carried to NASA for further processing.

It is anticipated that NPOL will be ready for data collection at least one week prior to the
IPHEXx campaign in order to assess terrain block@gee this is done, a set of neaal

time blockage and hybrid scan algorithms will be implemented prior to processing of the
data. The NPOL radar will generally be operated on a 24/7 basis.

The NASA KaKu band Deployable DudPolarimetric Doppler Scaimgy Radar (D3R
Figure 7; Table Pwill be co-deployedwith the NPOL duringPHEX, as it was during
lowa Flood Studies campaign in 201B3R provides a groundbased means to a) bridge
observations of cloud and precipitation water in liquid and solid farsirgg frequencies
consistent with the DPR; and b) provide a frequetmysistent test platform for
development and testing of DPR retrieval algorithms. The D3R will befasedanning

in coordination with the adjacent NPOL radar (a relatively unatteduaavelengthjo

test GPM duafrequency path integrated attenuation (PIA), rain rate, DSD, and
hydrometeor identification (e.g. liquid, melting, solid) retrievalsEngineering
specifications for the D3Rre provided in Table 3.

The principal scienti€ use of NPOL inlPHEx will be targeted toward providing high
quality, relatively unattenuated, polarimetri@in mapping andobservations of
microphysical processes occurring in the vertical colutms acknowledged, however,

that blockage correctionsill be necessary in this region and polarimetry will be useful
for this purpose.Use of NPOL in this fashion will satisfy GPMtegrated hydrologic

and physical validatiorscientific objectives that place a premium guality regional
rainfall productdor benchmarking satellite retrievals and hydrologic modi&gnosing
distributions of particle size, shape, and phase in the verigad providing an
unattenuated reflectivity reference for studies of path integrated attenuation at Ka/Ku
frequencies€.g., those availabkeom the GPM DPR and/or the D3R).
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Table 3- D3R Engineering characteristics

System
Frequency Ku- 13.91GHz £ 25MHz; Ka- 35.56GHz =
25MHz
Minimum detectable signal (Ku, Ka) -8 dBZ. -2 dBZ noise equivalent at 15 km,
at 150m range resolution
Minimum operational range 450 m
Operational range resolution 150 m ( nominal )
Maximum range 30 km
Angular coverage 0-360° Az, -0.5-90° El ( full hemisphere )
Antenna
Parabolic reflector —Diameter 6 ft (72 in.) (Ku), 28 in. (Ka)
Gain 456 dBi (Ku), 443 dBi (Ka)
HPBW 0.89° (Ku), 0.90 (Ka)
Polarization (Ku. Ka) Dual linear simult. and alternate (H and V)
Maximum side-lobe level (Ku, Ka) ~-25dB
Cross-polarization isolation ( on axis ) <-30dB
Ka-Ku beam alignment Within 0.1 degrees
Scan capability 0-24°/s Az, 0-12°/s El
Scan types PPI sector, RHI, Surveillance, Vertical
pointing
Transmitter / Receiver
Transmitter Architecture Solid State Power Amplifier Modules
Peak Power /Duty cycle 200 W (Ku), 40 W (Ka) perHand V
channel, Max duty cycle 30%
Receiver Noise figure 4.8 (Ku), 6.3 (Ka)
Receiver dynamic range (Ku, Ka) ~90 dB
Clutter Suppression GMAP
Data Products
Standard products - Equivalent reflectivity factor (Zy) (Ku, Ka)
- Doppler velocity (unambiguous: 26 m/s)
Dual-polarization products - Differential reflectivity (Z) (Ku, Ka)
- Differential propagation phase ( O{i]:) (Ku, Ka)
- Copolar correlation coefficient ( ph‘_) (Ku, Ka)
- Linear depolarization ratio (LDRh__ LDR‘_)
(Ku, Ka) ( in alternate mode of operation)
Data format NETCDF

Both NPOL and D3Rwill performfull/sector volumePlan Position Indicator (PP§nd
range height indicator (RHI) scams Primary emphases for NP@DR3R scanning will

be placed on: a) high qualityybrid rairmapping scanscOmposites made frorti 3
elevation anglg) performed at low levelsnterspersedvith b) rapid, high resolution
sector PPI volume or RHdampling of the ertical structure of precipitatioas needed
and coordinated with aircraft operations and/or satetiverpasses in the sampling
domain. Scanning streegies(Fig. 8)employed by the NPOL and D3Rl facilitate joint
studies of the vertical structure pfecipitation proesses, rain and DSD variabilifyath
integrated attenuation impacts and mitigation of GPM -thegjuency radar retrieval
algorithms, and the coincident mapping of associated storm kinematics. Vertically
pointing scans will be conductexh a targeted basis in light stratiform precipitation to
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facilitate calibration of differential reflectivity (ZDR). Othemodifications toscanning
will be consideredn anasnealed basis.

Figure8- Left, 90 Degreei gilrar 0986ebe¢gresc@aNear ® s

4.1.2 NOAA Xband Polarimetric Radar (NOXP)

The NOXP rada(Palmer et al., 20Q@lso Table4, Fig. 9 will be located on dow ridge
within the PigeorRiver basin(Fig. 6. This locationwill allow scanning of nedy the
entire basirand thus capture most weather systems as reviewed in Section 2.

Figure 9- NOAA NOXP mobile xband duapolarimetric radar.
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